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Objective: Increased pro-inﬂammatory cytokines and reactive oxygen and nitrogen species (RONS) occur
in osteoarthritis (OA). Oxygen tension can alter the levels of RONS induced by interleukin-1 (IL-1). RONS
such as nitric oxide (NO) can alter energy metabolism. The aim of this study was to determine if oxygen
tension alters energy metabolism, in articular cartilage, in response to IL-1 or NO and to determine if cell
death occurred.
Design: Porcine articular chondrocytes were incubated with IL-1 or the NO donor NOC-18 for 48 h in
either 1, 5 or 20% O2. Adenosine triphosphate (ATP) levels were measured and immunoblots for aden-
osine monophosphate-activated protein kinase (AMPK) were done. Protein translation was measured by
S6 activation. Senescence and autophagy were determined by increased caveolin or conversion of LC3-I
to LC3-II respectively.
Results: One percent O2 signiﬁcantly reduced ATP levels compared with 20% O2. Five percent O2 signif-
icantly increased ATP levels compared with 20% O2. One percent O2 signiﬁcantly increased phospho-
AMPK (pAMPK) protein expression compared with 5 or 20% O2. Oxygen tension had no effects on pS6,
caveolin or LC3-II levels. IL-1-induced NO production was signiﬁcantly reduced with decreased oxygen
tension, and signiﬁcantly reduced ATP levels at all oxygen tensions, but pAMPK was only signiﬁcantly
increased at 5% O2. IL-1 signiﬁcantly reduced pS6 at all oxygen tensions. IL-1 had no effects on caveolin
and signiﬁcantly increased LC3-II at 20% O2 only. NOC-18 signiﬁcantly reduced ATP levels at all oxygen
tensions, and signiﬁcantly increased pAMPK at 5% O2 only, and signiﬁcantly decreased pAMPK at 1% O2.
NOC-18 signiﬁcantly reduced pS6 at 1% O2 and signiﬁcantly increased caveolin at 5% O2, and LC3-II at 1%
O2.
Conclusion: Our data suggest 5% O2 is optimal for energy metabolism and protective to some effects of
IL-1 and NO. NO has the greatest effects on ATP levels and the induction of autophagy at 1% O2.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Reactive oxygen and nitrogen species (RONS) are increased in
osteoarthritis (OA)1,2. RONS can be produced in response to
inﬂammation and mechanical stress3e5, both of which are risk
factors for OA6. RONS can have multiple effects on chondrocytes,
but are associated with oxidative damage to DNA, proteins and
lipids, resulting in a net loss of the extracellular matrix, with little
cell death7e11. One of the most direct effects of nitric oxide (NO) is
inhibition of Adenosine triphosphate (ATP) production, by
competing with oxygen to bind to cytochrome oxidase on theBeverley Fermor, Department
iversity Medical Center, Box
, NC 27710, USA. Tel: 1-919-
mor).
s Research Society International. Pmitochondria, so inhibiting the electron transport chain and the
generation of ATP12.
The interaction of NO with oxygen is of particular interest to
articular cartilage since articular cartilage is an avascular tissue.
Therefore oxygen and other nutrients must diffuse into the tissue
from the synovial ﬂuid surrounding the joint, resulting in an
oxygen gradient, ranging from 5% O2 on the surface to 1% O2 in the
deep zone13,14. It is unknown how NO can alter energy metabolism
in articular chondrocytes at the physiological oxygen tensions that
exist in articular cartilage.
Five percent O2 appears optimal for articular cartilage metabo-
lism15. The culture of articular cartilage explants at 5% O2 maintains
the material properties of cartilage close to those observed in vivo,
whereas culturing cartilage explants at 1 or 20% O2 reduces the
material properties compared with those of articular cartilage
in vivo15. Similarly, 5% O2 is also associated with a signiﬁcant
increase in the rates of proteoglycan, collagen and hyaluronan
synthesis compared with 20 or 1% O215,16. Oxygen tension can alterublished by Elsevier Ltd. All rights reserved.
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chondrocytes are highly glycolytic, they also show mitochondrial
respiration in vitro12,19e21. It is possible 5% O2 may be optimal for
energy metabolism in articular cartilage, by providing an environ-
ment in which both glycolysis and oxidative phosphorylation can
function. Inadequate levels of ATP are sensed by adenosine
monophosphate-activated protein kinase (AMPK), which acts as
a cellular energy sensor. Under normal physiological conditions,
when ATP levels fall, AMPK becomes phosphorylated22, and more
ATP is generated.
Decreased ATP is often associated with cell death. However little
cell death occurs in OA articular chondrocytes23, or in response to
RONS10,11. OA articular chondrocytes show signs of stress induced
senescence as indicated by reduced replicative capacity, telomere
shortening, increased expression of the senescence regulator cav-
eolin-124 and senescence-associated b-galactosidase expression,
compared with non-OA chondrocytes25e28. RONS can also induce
senescence in chondrocytes in vitro at 20% O225,26. Alternatively,
decreasedATP availability can initiate the conservation of ATP by the
inhibition of energy demanding processes such as protein trans-
lation29. When there is a severe lack of ATP availability, survival
mechanisms such as induction of autophagy or stress induced cell
senescence can occur. Autophagy can generate more energy
substrates by ingestion of intracellular organelles and the recycling
of aminoacids.Autophagosomesareobserved inOAchondrocytes30.
In this study we determine how oxygen tension alters ATP
production in articular chondrocytes in the presence of interleukin-
1 (IL-1), or an NO donor. We then investigated whether decreased
availability of ATP is associated with initiation of energy conserva-
tionmechanisms and the induction of cell senescence or autophagy.
Materials and methods
Antibodies
Rabbit monoclonal anti-phospho-AMPKa (Thr172), rabbit poly-
clonal anti-AMPKa, rabbit monoclonal anti-phospho-S6 ribosomal
protein (Ser235/236), rabbit monoclonal anti-S6 ribosomal protein,
and rabbit polyclonal anti-LC3 were obtained from Cell Signaling
Technology (Danvers, MA). Rabbit polyclonal anti-caveolin-1 was
obtained from Novus Biologicals (Littleton, CO). Under normal
conditions phosphorylation of AMPK occurs when ATP levels
decrease. Phosphorylation of S6 (pS6) ribosomal protein correlates
with an increase in translation of mRNA transcripts that contain an
oligopyrimidine tract in their 50 untranslated regions31. These
particular mRNA transcripts [50 terminal oligopyrimidine tract
(TOP)] encode proteins involved in cell cycle progression as well as
ribosomal proteins and elongation proteins necessary for trans-
lation31,32. Caveolin-1 is an integralmembrane protein that serves as
a scaffold and can regulate cell-signaling pathways involved in
senescence24. Autophagy or Type II cell death can be a cell survival
response to nutrient deprivation. Autophagy is a catabolic process
involving the regulated digestion of cellular macromolecules and
evenwhole organelles. During autophagya portion of the cytoplasm
is sequestered in double-membrane vesicles called autophago-
somes, which then fuse with vacuoles or lysosomes where hydro-
lysis of the contents occurs. Increased formation of LC3-II compared
with LC3-I is an indication of autophagy. The LC3-I formmigrates as
a 16 kDa band but is lipidated in autophagy to produce a 14 kDa
LC3-II form and incorporated into growing autophagosomes33.
Explant culture
Full thickness explants of articular cartilage were harvested from
the femoral condyles of 2-year-old female pigs within 4 h of death.Cartilage explants were cultured in low glucose Dulbecco’s Modiﬁed
Eagle Medium (LG-DMEM) (Gibco, Gaithersburg, MD) with 10% heat
inactivated fetal bovine serum (FBS) (SigmaeAldrich, St. Louis, MO),
0.1 mM non-essential amino acids (Gibco), 37.5 mg/ml ascorbate-2-
phosphate (SigmaeAldrich),10 mM2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES) (Gibco), 100 U/ml penicillin and
streptomycin (Gibco). After 72 h in culture, the media were removed
and replaced with media containing 0e10 ng/ml recombinant
porcine IL-1a (R&D Systems, Minneapolis) or 0e2 mM NOC-18
(DETA-NONOate, A.G. Scientiﬁc Inc., San Diego, CA) and the explants
incubated at 20, 5 or 1%O2, with the residual gas composed of 5% CO2
and nitrogen, for a further 48 h. NOC-18 is a stable NOeamine
complex, with a long half-life that spontaneously releases NO,
without cofactors, under physiological conditions. Due to the limita-
tion of the number of explants that could be obtained from one pig
joint, experiments were only carried out at two oxygen tensions for
each pig and repeated on three pigs. Statistical analysis was only
carried out on data from the same pig.
NO assay
NO production was assessed by determining the levels of total
nitrate and nitrite in themedia. Nitratewas ﬁrst converted to nitrite
using nitrate reductase and the total nitritewasmeasured using the
Griess reagent3.
ATP extraction from cartilage explants
The explants were dried and weighed under the same oxygen
tension as the experimental condition and rapidly placed in 300 ml
of 5% HClO3 and 2 mM 2,20,20 0,20 00-(ethane-1,2-diyldinitrilo)tetra-
acetic acid (EDTA). The explants were freeze thawed three times
and neutralizedwith 65 ml of 40% KOH (pH 13) to pH 7.6e8.0, which
is optimal for luciferase function. After centrifugation at 500g for
5 min, the supernatant was diluted 1:50 and 1:250 with PBS and
the ATP levels measured, using the ATP Bioluminescence Assay Kit
HS II (Roche Applied Bioscience). ATP standards were prepared
ranging from 0 to 10,000 ng/ml in PBS. A 20 ml of luciferase was
added to 180 ml of sample or standard and bioluminescence
measured after a 1 s delay and integrated over 1e10 s, using a Ver-
itas microplate luminometer (Turner Biosystems, Sunnyvale, CA).
Samples were measured at two dilutions to ensure that no inacti-
vation of the luciferase by the acid had occurred.
Liveedead assay
In the recovery experiments, chondrocyte viability was deter-
mined using the liveedead assay (Molecular Probes, Carlsbad, CA)
after treatment.
Chondrocyte cell culture in alginate beads
Articular chondrocytes were enzymatically isolated from full
thickness slices of articular cartilage from the femoral condyles of
skeletally mature 2e3-year-old pigs, using pronase for 1 h and
collagenase Type II for 2 h. The chondrocytes were resuspended in
1.2% alginate at a concentration of 4106 cells/ml34. Alginate was
used to maintain the chondrocytes in a rounded shape and ensure
collagen II expression associatedwith chondrocytes. If chondrocytes
are grown as a monolayer, dedifferentiation to ﬁbrochondrocytes
occurs. The alginate beads were cultured in LG-DMEM (Gibco, Gai-
thersburg, MD), containing the same additives as the explants were
grown in, at 37C, 5% CO2, 95% air for 72 h prior to treatment. The
media were then removed and the chondrocytes encapsulated in
alginate beads and incubated with either control media or media
Table I
Articular cartilage explants were incubatedwith 0.1 ng/ml IL-1, for 72 h at 20, 5 or 1%
O2. Nitriteþ nitrate were measured in the media. Data shown are means with 95%
conﬁdence intervals (lower limit, upper limit), N¼ 9
IL-1
(ng/ml)
20% O2 NOx
(mM/mg)
5% O2 NOx
(mM/mg)
1% O2 NOx
(mM/mg)
P
0 191 (144, 239) 158 (66, 250) 113 (85, 140) 20 vs 5¼ 0.91,
20 vs 1¼ 0.77,
5 vs 1¼ 0.85
0.1 3163
(2663, 3664)
2192
(1694, 2690)
1254
(1033, 1475)
20 vs 5¼ 0.001,
20 vs 1 0.0001,
5 vs 1¼ 0.003
P <0.0001 <0.0001 0.0003
Table III
Articular cartilage explants were cultured with IL-1 (a) or NOC-18
(b) for 48 h in 5% O2. ATP was extracted from the explants and
measured.Data shownaremeanswith95%conﬁdence intervals (lower
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for a further 48 h, at either 20, 5 or 1%O2, with the residual gasmade
up of 5% CO2 andN2. Sufﬁcient chondrocytes could be obtained from
pig joint that all treatments could be carried out at the three oxygen
tensions for one joint and immunoblots performed. The experi-
ments were then repeated three times.
Immunoblots
Chondrocytes were released from the alginate beads with
calcium chelation in 55 mM sodium citrate containing protease and
phosphatase inhibitors. Chondrocytes were resuspended in RIPA
buffer containing protease and phosphatase inhibitors and protein
extracted. A 20 mg aliquot of protein was loaded on a 4e20%
TriseHCl sodium dodecyl sulfate (SDS) gel and separated by elec-
trophoresis and transferred to Polyvinylidene ﬂuoride (PVDF)
membrane. The membrane was stained with amido black to
conﬁrm transfer of the protein samples and even loading of the
lanes. For the detection of phosphorylated proteins Protein Free
Block (Pierce Biotechnology Inc., Rockford, IL) was used as the
blocking and incubation buffer for the primary antibody, and 5%
non-fat milk in Tris-buffered saline Tween-20 (TBST) was used for
the secondary antibody. For total proteins 5% non-fat milk in TBST
was used in the blocking and incubation buffers for primary and
secondary antibodies. The PVDFmembraneswere blocked for 2 h at
room temperature and incubated overnight at 4C with primary
antibody (1:5000 dilution), washed and incubated with secondary
antibody at a 1:5000 dilution for 2 h with shaking at room
temperature. Blots were washed and developed using Western
Lightning Plus ECL (Perkin Elmer, Waltham, MA).Table II
Articular cartilage explants were cultured with either IL-1 (a) or NOC-18 (b) for 48 h
in either 20 or 1% O2. ATP was extracted from the explants and measured. Data
shown are means with 95% conﬁdence intervals (lower limit, upper limit), N¼ 18
(a)
IL-1 (ng/ml) 20% O2 ATP (ng/mg) 1% O2 ATP (ng/mg) P
0 77 (63, 92) 59 (51, 67) 0.005
0.1 49 (39, 59) 46 (39, 53) 0.70
1 36 (28, 45) 35 (26, 44) 0.97
10 41 (33, 50) 37 (26, 47) 0.33
0 vs 0.1, 1, 10 <0.0001, <0.0001, <0.0001 0.05, 0.0004, 0.0005
0.1 vs 1, 10 0.04, 0.26 0.09, 0.09
1 vs 10 0.31 0.90
(b)
NOC-18 (mM) 20% O2 ATP (ng/mg) 1% O2 ATP (ng/mg) P
0 78 (58, 99) 40 (26, 53) <0.0001
0.5 45 (32, 57) 24 (6, 42) 0.045
1 50 (33, 68) 18 (12, 25) 0.007
2 42 (31, 54) 19 (15, 24) 0.97
0 vs 0.5, 1, 2 0.0004, 0.0004, <0.0001 0.11, 0.03, 0.03
0.5 vs 1, 2 0.89, 0.68 0.49, 0.48
1 vs 2 0.61 0.97Statistical analysis
Statistical analysis was performed using ANOVA with Duncan’s
post-hoc comparison, with signiﬁcance reported at the 95% conﬁ-
dence level.
Results
Effects of oxygen tension
Oxygen tension had no signiﬁcant effects on NO levels (Table I),
but altered ATP levels in articular cartilage explants (Table II).
Incubation of articular cartilage explants at 1% O2, caused a signiﬁ-
cant (30e50%) reduction in ATP levels comparedwith 20% O2 [Table
II(a,b)]. Incubation of explants at 5% O2 caused a signiﬁcant
(10e15%) increase in ATP levels compared with incubation at 20%
O2 [Table III(a,b)].
Incubation of articular chondrocytes in alginate beads at 1% O2
caused a signiﬁcant increase in phospho-AMPK (pAMPK) protein
expression compared with 5% or 20% O2 (Fig. 1). There was no
difference in pAMPK protein levels between 20 and 5% O2
conditions.
No effects of oxygen tension occurred on pS6 (Fig. 2), or caveolin
protein expression, (Fig. 3), although there was a trend toward
increased caveolin expression at 1% O2 compared with 20 or 5% O2.
A decrease in oxygen tension was associated with some conversion
of LC3-I to LC3-II, as indicated by an increase in the ratio of LC3-II to
the total LC3 (LC3-Iþ II) (Fig. 4).
Effects of oxygen tension on the response to IL-1
0.1 ng/ml IL-1 caused a signiﬁcant increase in NO production at
all oxygen tensions tested (Table I). IL-1 induced NO productionwas
signiﬁcantly less at 5 or 1% O2 than at 20% O2, and the IL-1-induced
NO levels were signiﬁcantly less at 1 than at 5% O2.
Incubation with IL-1 reduced ATP levels at all oxygen tensions
tested (Tables II and III). A higher concentration of IL-1 (1 ng/ml)
was necessary to cause a signiﬁcant reduction in ATP at 5% O2 thanlimit, upper limit), N¼ 15. * Represents articular cartilage explants
obtained from the same pigs cultured at 20%O2. P value for 20 vs 5%O2
without IL-1¼0.11. P value for 20 vs 5% O2 without NOC-18¼ 0.04
(a)
IL-1 (ng/ml) ATP (ng/ml)
0* 68 (54, 82)
0 82 (66, 98)
0.1 72 (62, 82)
1 50 (43, 57)
10 40 (36, 45)
0 vs 0.1, 1, 10 0.21, 0.0004, <0.0001
0.1 vs 1, 10 0.01, 0.0004
1 vs 10 0.23
(b)
NOC-18 (mM) ATP (ng/ml)
0* 54 (45, 63)
0 72 (58, 86)
0.5 69 (58, 80)
1 50 (42, 58)
2 55 (45, 65)
0 vs 0.5, 1, 2 0.70, 0.01, 0.04
0.5 vs 1, 2 0.02, 0.07
1 vs 2 0.56
Fig. 1. Articular chondrocytes were grown in alginate and cultured with either 0.1 ng/
ml IL-1 or 0.5 mM NOC-18 for 48 h, at 20, 5 or 1% O2. The chondrocytes were released
from the alginate and the protein extracted. Immunoblots were carried out for pAMPK
and AMPK. Representative blots for pAMPK and AMPK are shown. Data shown are
means with 95% conﬁdence intervals, N¼ 3.
Fig. 2. Articular chondrocytes were grown in alginate and cultured with either 0.1 ng/
ml IL-1 or 0.5 mM NOC-18 for 48 h, at 20, 5 or 1% O2. The chondrocytes were released
from the alginate and the protein extracted. Immunoblots were carried out for pS6 and
S6. A representative blot is shown. Data shown are means with 95% conﬁdence
intervals, N¼ 3.
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a 30% decrease in ATP levels when investigated at 20% O2, whereas
0.1 ng/ml IL-1 only caused approximately a 15% decrease in ATP
levels when investigated at 1% O2. No changes in ATP were
observed when the explants were cultured in DMEM high glucose
media, under the same experimental conditions (data not shown).
IL-1 caused a signiﬁcant increase in pAMPK, compared with
controls at the same oxygen tensions, when chondrocytes were
incubated in 5% O2, but not at 1 or 20% O2 (Fig. 1). IL-1 caused
a signiﬁcant decrease in pS6 ribosomal protein expression at all
three oxygen tensions tested, compared with untreated chon-
drocytes incubated at the same oxygen tensions (Fig. 2). IL-1 had no
effect on caveolin expression compared with untreated chon-
drocytes incubated at the same oxygen tension (Fig. 3). Treatment
of chondrocytes with IL-1 at 20% O2 caused a signiﬁcant increase in
LC3-II to LC3-Iþ II, but IL-1 had no signiﬁcant effects when the
experiments were carried out at 5 or 1% O2 (Fig. 4).
Effects of oxygen tension on the response to NOC-18
The addition of the NO donor NOC-18 reduced ATP levels at all
oxygen tensions tested [Tables II(b) and III(b)]. A greater concen-
tration of NOC-18 (1 mM) was needed to cause a signiﬁcant
reduction in ATP levels when articular cartilage explants were
cultured at 5 or 1% O2, whereas explants cultured at 20% O2
required only 0.5 mM NOC-18. No changes in ATP were observed
when the explants were cultured in DMEM high glucose media,
under the same experimental conditions (data not shown).
At 20% O2, 0.5 mM NOC-18 showed some increase on pAMPK
protein expression compared to controls incubated at 20% O2
(Fig. 1). At 5% O2 NOC-18 caused a signiﬁcant increase in pAMPK
protein expression compared to controls incubated at 5% O2.
Incubation at 1% O2 in the presence of NOC-18 signiﬁcantly
decreased pAMPK protein expression compared with all other
groups.
NOC-18 reduced pS6 ribosomal protein expression at all three
oxygen tensions tested, compared with untreated chondrocytes
incubated at the sameoxygen tension. (Fig. 2), whichwas signiﬁcant
when carried out at 1% O2. The levels of pS6 protein expressionwere
signiﬁcantly lower when NOC-18 was added at 1% O2 than when
NOC-18 was added to the chondrocytes incubated at 20 or 5% O2.
NOC-18 caused a signiﬁcant increase in caveolin expression at
5% O2, but had no effect at 20 or 1% O2 compared with the controls
incubated at the same oxygen tensions (Fig. 3). However, at 1% O2
the caveolin expression was already increased compared with 20
and 5% O2 controls (Fig. 3). The effects of NOC-18 on caveolin
expression were increased at 5 and 1% O2 compared with NOC-18
added to chondrocytes in 20% O2. Oxygen tension did not have
signiﬁcantly different effects on the levels of NOC-18 induced
caveolin protein expression.
Treatment of chondrocytes with NOC-18 caused some increase
in LC3-II to LC3-Iþ II at all oxygen tensions (Fig. 4). NOC-18 caused
a signiﬁcant increase in the ratio of LC3-II to LC3-Iþ II at 1% O2,
compared with all other groups.
Effects of oxygen tension, NO and IL-1 on cell viability
No cell death was observed at the end of the treatments carried
out at all three oxygen tensions, using the liveedead assay (data not
shown), for both explants and chondrocytes grown in alginate.
Discussion
Oxygen tension had signiﬁcant effects on the metabolism of
articular cartilage in vitro. Five percent O2 appeared optimal for ATP
Fig. 3. Articular chondrocytes were grown in alginate and cultured with either 0.1 ng/
ml IL-1 or 0.5 mM NOC-18 for 48 h, in either 20, 5 or 1% O2. The chondrocytes were
released from the alginate and the protein extracted. Immunoblots were carried out for
caveolin. A representative blot is shown. Data shown are means with 95% conﬁdence
intervals, N¼ 3.
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oxygen tensions tested. The optimal environment at 5% O2 was
suggested by the highest ATP availability, and lowest levels of
pAMPK. At 5% O2 the AMPK energy sensor is not detecting the need
to generate more ATP, and S6 activation is highest, suggesting highFig. 4. Articular chondrocytes were grown in alginate and cultured with either 0.1 ng/
ml IL-1 or 0.5 mM NOC-18 for 48 h, in either 20, 5 or 1% O2. The chondrocytes were
released from the alginate and the protein extracted. Immunoblots were carried out for
LC3. A representative blot is shown. Data shown are means with 95% conﬁdence
intervals, N¼ 3.levels of protein translation, compared with the other oxygen
tensions studied. These ﬁndings correlate with ﬁndings that 5% O2
was optimal for maintaining the material properties of articular
cartilage in vitro closest to those found in vivo15. Others showed
proteoglycan synthesis in chondrocytes is closely related to cellular
ATP levels35. 20% O2 is representative of a hyper-physiological
oxygen tension for articular cartilage in vivo, and appeared sub-
optimal for ATP generation, compared with 5% O2. However, the
levels of pAMPK and pS6 were similar for both 20 and 5% O2.
Although cell culture is frequently carried out at 20% O2, these
hyper-physiological levels of oxygen can induce oxidative stress in
many tissues36, causing alterations to DNA, proteins and lipids
leading to their impaired functions. Potentially longer exposure to
20% O2may result in greater oxidative stress than the 48 h exposure
used in this study. Increased oxidative DNA damage occurred in
chondrocytes passaged as a monolayer when they were cultured at
20% O2 compared with 5% O237. At 1% O2, the least amount of ATP
was detected, whichwas associated the greatest activation of AMPK
and the lowest levels of protein translation, as indicated by
decreased pS6 protein levels. These data suggest the high AMPK
activation remains insufﬁcient to maintain protein translation and
further energy conservation measures were needed to avoid cell
death, as indicated by increased markers of senescence. Decreased
ATP levels at 1% O2 were also observed in other cell types29,38.
Inﬂammation is a risk factor for OA and is associated with
increased production of RONS in articular cartilage. We therefore
wanted to determine if oxygen tension could alter RONS production
and alter the metabolism of chondrocytes in response to pro-
inﬂammatory cytokines. Previously we showed that hyper-physi-
ological levels of IL-1 (10 ng/ml) caused less NO production at 1%
than at 20% O24,39. Our data conﬁrmed that lower oxygen tensions
reduce the amount of NO induced by physiological levels of IL-1
(0.1 ng/ml). Therefore the levels of IL-1 induced pro-inﬂammatory
mediators in vivo are likely to be less in the deep zone of cartilage
than the superﬁcial zone, due to the reduced oxygen tension.
Others show a lower concentration of IL-1 is necessary to inhibit
proteoglycan synthesis on superﬁcial zone chondrocytes compared
with deep zone chondrocytes40.
The effects of IL-1weremore severe at 20% O2 than 5 or 1% O2, as
shown by the combination of the lack of activation of AMPK and
increased LC3-II at 20% O2, suggesting that the ATP levels were so
low that there was insufﬁcient energy to activate AMPK. Further
measures were needed to conserve energy that led to autophagy. At
5 or 1% O2, the levels of ATP were still sufﬁcient to activate AMPK
and hence there was no need for further energy conservation
measures by induction of autophagy. The difference in response to
IL-1 with oxygen tension may be because IL-1 induces more NO at
20% than at 5 or 1% O2. In contrast, IL-1 caused down-regulation of
S6 at all oxygen tensions, suggesting either activation of S6 is very
sensitive to IL-1 or that other signaling effects associated with IL-1
alter S6 activation. Therefore, we used an NO donor to better
understand the effects of NO on energy metabolism in articular
chondrocytes. The NO donor chosen was NOC-18, which is a stable
NOeamine complex that spontaneously releases NO, without
cofactors, under physiological conditions.
When ATP levels are optimal, at 5% O2, some resistance to the
catabolic effects of pro-inﬂammatory cytokines and mediators on
energy metabolism was observed. The more protective environ-
ment of 5% O2 is indicated by the greater concentration of IL-1 or NO
thatwas needed to cause signiﬁcant inhibition of ATP levels at 5%O2,
than at 20 or 1% O2. The addition of IL-1 or NOC-18 at 5% O2 showed
ATP depletion and AMPK activation occurred as well as increased
caveolin expression, the marker of cell senescence, but no indica-
tions of autophagy. These ﬁndings agree with others that activation
of AMPK can activate conservation measures and lead to
B. Fermor et al. / Osteoarthritis and Cartilage 18 (2010) 1167e11731172senescence41. In chondrocytes grown in monolayer at 20% O2,
increased expression of caveolin was seen in response to 10 ng/ml
IL-1b25 and markers of cell senescence were induced by ROS26. Our
data showed S6 could be activated at 5% O2 in the presence of NOC-
18, suggesting energy levels are still able to sustain protein trans-
lation. Activation of S6 correlates with senescent cells still being
metabolically and biosynthetically active cells that can secrete
inﬂammatory mediators42. Therefore senescent chondrocytes can
signal inappropriately to the neighboring cells, leading to altered
synthesis of collagen, matrix metalloproteinases and tissue inhibi-
tors of metalloproteinases, which also occurs in OA chondrocytes28.
The presence of senescent cells in vivomay inﬂuence tissue behavior
through paracrine signaling and contribute to progressive deterio-
ration, and promote age-related diseases such as OA.
The addition of NOC-18 at 1% O2 had profound effects on
articular chondrocytes. The lowest levels of ATP were observed,
but there was no activation of AMPK or S6. The lack of increase in
these proteins suggested that the levels of ATP were too low to
carry out the energy demanding process of AMPK and S6 protein
activation. The low levels of ATP (18 ng/mg) observed in chon-
drocytes in the presence of NO at low oxygen tensions may
initiate energy conservation measures for survival beyond the
inhibition of protein translation, as shown by the induction of
LC3-II, a marker of autophagy. The process of autophagy would
generate more ATP to avoid cell death, by ingestion of intracel-
lular organelles and the recycling of amino acids to provide
building blocks for macromolecular synthesis that may support
cellular metabolism for further protein synthesis and secretion.
LC3-II increased with decreased oxygen tensions, and was
increased further in the presence of NOC-18. Again, the effects of
IL-1 at 1% O2 are not as great as those of NOC-18 at 1% O2, which
maybe due to low oxygen tension reducing levels of IL-1 induced
NO at 1% O2.
Evidence of autophagy in articular cartilage has been observed
by others both in vitro43 and in vivo30,44,45. Some studies suggest
autophagy is a protective mechanism in non-OA articular cartilage
and this ability is lost with the progression of OA in spontaneous
aging-related and surgically induced OA models44, while others
suggest autophagy is increased in the superﬁcial and mid zones
with OA progression, when OA is induced by partial menisectomy
followed by high impact load45. Our in vitro studies suggest the
greatest autophagy in response to NO in non-OA cartilage is seen at
the lowest oxygen tension, likely found in the deep zone of carti-
lage, and some protective effects at 5% O2 compared to 1% O2. There
are many differences between in vitro studies in non-OA cartilage to
in vivo studies on OA cartilage, including species differences. The
mechanical environment, oxygen tension and the zone may inﬂu-
ence autophagy.
Autophagy can be regulated by the transcription factor hypoxia
inducible factor (HIF), both HIF-1 and HIF-2 are found in articular
cartilage and are important in maintaining cartilage homeostasis46.
HIF-1 activates autophagy and HIF-2 is increased in OA and can
inhibit autophagy43. Understanding the role of HIF-1 is complex
since HIF activation occurs in response to decreased oxygen
tension, and also by IL-1 or NO47.
In conclusion, our data indicate that the oxygen tension of the
environment of an articular chondrocyte is important in deter-
mining its ability to cope with exposure to the RONS that are
associated with the pathogenesis of OA.
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